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The helicase domain of dengue virus NS3 protein (DENV NS3H) contains RNA-stimulated nucleoside
triphosphatase (NTPase), ATPase/helicase, and RNA 50-triphosphatase (RTPase) activities that are
essential for viral RNA replication and capping. Here, we show that DENV NS3H unwinds 30-tailed
duplex with an RNA but not a DNA loading strand, and the helicase activity is poorly processive.
The substrate of the divalent cation-dependent RTPase activity is not restricted to viral RNA 50-ter-
minus, a protruding 50-terminus made the RNA 50-triphosphate readily accessible to DENV NS3H.
DENV NS3H preferentially binds RNA to DNA, and the functional interaction with RNA is sensitive
to ionic strength.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The mosquito-transmitted dengue virus (DENV) belongs to the
Flavivirus genus of the Flaviviridae family. The Flavivirus genus in-
cludes other human pathogens such as Japanese encephalitis virus
(JEV), yellow fever virus (YFV), and West Nile virus (WNV). The Fla-
viviridae family contains another two genera, Pestivirus and Hepaci-
virus, where hepatitis C virus (HCV) is the only characterized
hepacivirus [1]. Flaviviruses are small, enveloped viruses that have
an 11 kb positive-stranded RNA genome containing a 50 cap but
lacking a 30-poly(A) tail. The ﬂavivirus genome encodes a polypro-
tein of 370 kDa that is processed into three structural proteins, C,
prM, and E, and seven non-structural proteins, NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5, by host and viral proteases [1]. Replica-
tion of ﬂaviviruse RNA is initiated at the 30-terminus of the genome
by a semi-conservative, asymmetric replication mechanism with
the double-stranded replication form functions as a recycling tem-
plate, and the replication intermediates contain, in addition, nascent
genomic RNA [2].
DENV NS3 protein is a multifunctional protein in which the N-
terminal 180 amino acids encode a protease that mediates viral
polyprotein processing, while the C-terminal two-thirds of the pro-chemical Societies. Published by E
u).tein contains the conserved motifs found in the DExD/H box heli-
cases. DENV with impaired protease or helicase activity fails to
replicate, belying the importance of NS3 in the virus life cycle
[3]. The full-length NS3, as well as the helicase domain of DENV
and other ﬂavivirus NS3 proteins, are able to hydrolyze ATP and
unwind dsRNA [4–6]. However, the NS3 helicase of the Flavivirus
genus but not the Hepacivirus genus also exhibits an RNA triphos-
phatase (RTPase) activity that catalyzes the cleavage of the c–b
phosphoric anhydride bond of 50-triphosphorylated RNA [4,5,7,8],
and the RTPase activity is the ﬁrst of three sequential enzymatic
reactions of RNA 50-capping. NS5 is the largest viral protein, com-
prising a 50-RNA methyltransferase activity at the N-terminus
and a conserved RNA-dependent RNA polymerase domain of RNA
viruses at the C-terminus [9,10]. NS3 and NS5 proteins exist in a
complex in DENV-infected cells, and the NTPase and RTPase activ-
ities of NS3 protein can be stimulated by NS5 protein in vitro
[4,11]. These observations are consistent with a role of the complex
formed by NS3 and NS5 in viral replication and RNA capping.
The DENV genome is highly structured. It is speculated that the
NS3 helicase facilitates the adoption by the 50- and 30-untranslated
regions of a structure suitable for replication complex assembly and
assists the release of newly synthesized viral genome from replica-
tion intermediates. The NS3 protein may also alter the secondary
structure of the nascent genomic RNA near the 50-terminus to ren-
der the 50-triphosphate more readily accessible for c-phosphatelsevier B.V. All rights reserved.
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other NS3 protein. The ATPase/helicase activity of the HCVNS3 heli-
case has been well characterized [12,13]. However, relatively little
is known about the unwinding mechanism of the ﬂavivirus NS3
helicases, such as their polarity of unwinding, loading strand
requirements, speciﬁcity for duplex substrate, or the processivity
of the enzyme. Mutational analysis has disclosed that the ATPase/
helicase and RTPase activities of DENV NS3 share a common active
site [7,8], while published data concerning the substrate speciﬁcity
of the RTPase activity is limiting.
In this study, we investigated further the biochemical proper-
ties and enzymatic activity of the helicase domain of DENV NS3
protein, and report here our functional characterization of this pro-
tein. The ﬁndings of this study may provide a basis for further
study of the ﬂavivirus replication mechanism.2. Materials and methods
2.1. Proteins
The wild type and the mutant DENV NS3 helicase (serotype 2,
PL046 strain) and the HCV NS3 helicase (a Taiwan genotype 1b
strain, Ref. [12]) were expressed in Escherichia coli BL21 (DE3) cells
and puriﬁed by Ni-NTA column chromatography to near homoge-
neity (Supplementary Fig. S1).
2.2. Nucleic acids
Short DNA and RNA oligos and poly(rU) were purchased from
commercial sources. When applicable, these nucleic acids were
50-end labeled by [c-32P] ATP and T4 polynucleotide kinase. DENV
RNA fragments were synthesized by T7 RNA polymerase, and RNAs
were 50-end or internally labeled by incorporating [c-32P] GTP or
[a-32P] UTP during their in vitro synthesis. All [32P]-labeled nucleic
acids were gel puriﬁed. Duplexes were made by heat-denaturation
and renaturation of complementary molecules at a 1:1 or 1:1.5
molar ratio, and with a ﬁnal concentration of 5 nM duplex.
2.3. ATPase and RTPase assays
ATPase assay was performed with 0.25 mM [c-32P] ATP and
50 nM of NS3H protein in reaction buffer containing 40 mM HEPES
(pH 7.5), 10 mM NaCl, 2 mM DTT, 0.1 mM EDTA, 1.5 mM MgCl2 or
MnCl2, 0 or 0.1 mM nucleotide poly(rU) at 37 C. RTPase assay was
performed with 10 nM [c-32P] RNA and 50 nM of NS3H protein in
reaction buffer containing 40 mM HEPES (pH 7.5), 10 mM NaCl,
2 mM DTT, 0.1 mM EDTA, 0.4 U/lL RNase inhibitor, and 2 mM
MgCl2 or MnCl2 at 25 C. Aliquots were taken and spotted onto a
polyethyleneimine (PEI) cellulose thin-layer chromatography
(TLC) plate, which was subsequently developed in 1 M formic acid
and 0.5 M LiCl. Reaction products were visualized by autoradiogra-
phy and quantiﬁed with a Phosphoimager and Image Quant
software.
2.4. Unwinding reaction
The standard unwinding assay was performed with 0.5 nM du-
plex and 0–400 nM NS3H protein in the reaction buffer containing
20 mM HEPES (pH 7.0), 10 mM NaCl, 2 mM DTT, 0.1 mg/mL BSA
plus 1.5 mMMnCl2 and 2.5 mM ATP at 37 C. The reaction was ter-
minated by the treatment of protease K and nucleic acid molecules
were separated by electrophoresis at 4 C. Gels were dried and
autoradiographed. The radiolabeled species were quantiﬁed with
a Phosphoimager and Image Quant software.2.5. Filter binding assay
The protein–nucleic acid complex was formed in binding buffer
containing 40 mM HEPES (pH 7.5), 2 mM DTT, 0.1 mM EDTA, 10–
410 mM NaCl, and 40 lg/mL BSA at 4 C for 30 min. The reaction
with a volume of 50 lL was ﬁltered through a nitrocellulose mem-
brane overlaid on a Hybond N+ nylon membrane in a slot blot
apparatus. The complex was retained on a nitrocellulose mem-
brane and the unbound nucleic acid was trapped by the Hybond
N+ nylon membrane.3. Results and discussion
3.1. The NS3 helicase proteins
We cloned cDNA encoding the NS3 ATPase/helicase from a
DENV, expressed the protein in E. coli, and puriﬁed the C-terminal
His-tag recombinant DENV NS3H protein. The DENV NS3 helicase
motif I mutant containing the 199K200T to 199A200A substitution
(DENV mNS3H) and the HCV NS3 helicase (HCV NS3H) were pre-
pared for use as controls in the activity assays.
3.2. NTPase activity
DENV NS3H contains theWalker A andWalker B motifs (motif I,
GK(S/T) and motif II, DExD/H) (Supplementary Fig. S1) that are
present in many NTPases/helicases [14]. To test whether the re-
combinant DENV NS3H was active, we analyzed the ability of
DENV NS3H to hydrolyze ATP. DENV NS3H catalyzed ATP hydroly-
sis in the presence of MgCl2 or MnCl2, and MgCl2 was more effec-
tive than MnCl2 at inducing ATPase activity at concentrations
ranging from 0.1 mM to 5 mM (Fig. 1A and B, and data not shown).
With Mg2+ as the divalent cation, the rate of ATP hydrolysis in-
creased slightly when the NaCl concentration was elevated in the
range of 10 mM and 200 mM (Fig. 1C). Thus, DENV NS3H possesses
an ATPase activity that requires a divalent cation cofactor to func-
tion but is not sensitive to high ionic strength.
Many NTPases/helicases require polynucleotide binding to turn
on the NTPase activity [4,12,15]. To test the inﬂuence of polynucle-
otide on DENV NS3H, we assayed ATPase activity in the presence of
poly(rU) (Fig. 1A). At saturating poly(rU) concentrations of around
0.1 mM nucleotides, the rate of ATP hydrolysis was enhanced
approximately 10 times with Mg2+ and more than 100 times over
basal levels with Mn2+ as divalent cation cofactors (Fig. 1B). These
results show that DENV NS3H is a polyribonucleotide-stimulated
ATPase. Presumably the poly(rU) binding triggers a conformational
rearrangement of DENV NS3H that activates the catalytic core of
the enzyme for ATP hydrolysis.
DENV NS3H also hydrolyzed other nucleoside 50-triphosphates
and the NTPase activity was stimulated by poly(rU) (data not
shown). In the mutant protein, DENV mNS3H, the 199K200T to
199A200A substitution eliminated both the basal and the RNA-stim-
ulated NTPase activity (Fig. 1A). Thus, DENV mNS3H is an NTPase-
deﬁcient mutant of DENV NS3H.
We performed the ATPase assay in the presence of poly(rU)
and increasing concentrations of NaCl. The stimulatory effect of
poly(rU) on ATP hydrolysis was signiﬁcantly attenuated when NaCl
concentration was 50 mM or higher (Fig. 1C, with MgCl textsub-
script2). The hypersensitivity of the poly(rU)-stimulated ATPase
activity but not the basal ATPase activity to high ionic strength
conﬁrms the speculation that the functional binding of poly(rU)
to DENV NS3H is mainly through electrostatic interaction.
These ﬁndings of the NTPase activity of DENV NS3H are in
accordance with the observed divalent cation-dependent and ionic
Fig. 1. ATPase assay. (A) ATP hydrolysis under different conditions for 1 h. The percentage of ATP hydrolysis was 10% for lane 2, >95% for lanes 5 and 6, and <5% for the
remaining lanes. (B) Time courses of ATP hydrolysis by DENV NS3H with MgCl2 (circles) or MnCl2 (triangles) in the absence (open symbols) or presence of poly(rU) (ﬁlled
symbols). Data points represent the average of three independent reactions and error bars indicate one standard deviation. The ATP hydrolysis rate during the ﬁrst 10 min of
reaction was 1.36 ± 0.13 and 0.20 ± 0.07 lMmin1 with MgCl2 and MnCl2, respectively; and 14.10 ± 0.40 and 14.00 ± 0.78 lMmin1 with MgCl2 plus poly(rU) and MnCl2 plus
poly(rU), respectively. (C) Effect of NaCl on the basal and the poly(rU)-stimulated ATPase activities. Data represent the average of three independent reactions.
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protein of earlier reports [7,16].
3.3. Unwinding activity
DENV NS3 has been demonstrated to have a divalent cation-
dependent helicase activity [3–8,16], while relatively little is
known about the polarity of unwinding, the speciﬁcity for duplex
substrate, and the processivity of the enzyme. We sought to further
investigate the helicase activity of DENV NS3H. To this end, we ﬁrst
tested the ability of DENV NS3H to unwind dsRNAs made from
DENV RNA sequences. DENV NS3H unwound the 30-tailed dsRNAs
but the unwinding ability decreased dramatically as the duplex re-
gion extended from 22 or 23 to 36 basepairs. HCV NS3H, the control
NS3H protein, was able to unwind 30-tailed dsRNAs from 22 to 58
basepairs. Both DENV NS3H and HCV NS3H failed to unwind dsR-
NAs of comparable sizes of the basepairing region that had only 50
tail(s) or short dangling nucleotides (Fig. 2, Supplementary
Fig. S3). Therefore, bothNS3H proteins only unwind 30-tailed dsRNA
although DENV NS3H has a lower processivity than HCV NS3H.
Moreover, DENV NS3H did not promote dsRNA unwinding in the
absence of ATP (data not shown), and DENV mNS3H, the ATPase-
deﬁcient mutant of DENV NS3H, failed to unwind any dsRNA tested
(Fig. 2, Supplementary Fig. S3). These results show that ATP hydro-
lysis is required for the unwinding activity of DENV NS3H.
We then tested whether DENV NS3H unwound dsRNAs of non-
DENV RNA sequence by using a dsRNA for the study of the DEAD-
box protein Ded1 as the substrate [17]. DENV NS3H unwound the
duplex containing a 25-nucleotide overhang 30 to a 16-base pair re-gion (the R/R30 duplex, Fig. 3A). This result suggests that the DENV
NS3H helicase does not have substrate speciﬁcity in vitro.
To elucidate the requirements of the loading strand that permit
DENV NS3H unwinding, we used 30-tailed, 16-base pair duplex
substrates where each duplex was identical in sequence to the R/
R30 duplex, but had one or both strands substituted with DNA.
DENV NS3H displaced RNA and DNA top strands from an RNA load-
ing strand, but the enzyme only poorly displaced either DNA or
RNA top strand from a DNA loading strand (Fig. 3A, Supplementary
Fig. S4). The results show that DENV NS3H preferentially recog-
nizes the feature of RNA for loading and uni-directional transloca-
tion. HCV NS3H unwound all four duplex substrates efﬁciently
under the same assay conditions (Fig. 3A, Supplementary Fig. S4).
The identiﬁed duplex substrate speciﬁcity of DENV NS3H herein
contradicts with the earlier reports that dsRNA and dsDNA unwin-
dings by DENV NS3 helicase were observed [4,6–8]. However, we
do not have an explanation for the inconsistency. To further cor-
roborate our observation, we analyzed the nucleic acid binding
activity of different NS3H proteins. DENV NS3H and DENV mNS3H
had signiﬁcantly higher afﬁnity to ssRNA oligomer than to ssDNA
oligomer, whereas HCV NS3H bound ssRNA and ssDNA oligomers
with similar afﬁnities (Fig. 3BC). In addition, the recent crystallo-
graphic structure of DENV NS3H-ssRNA complex provides a struc-
tural basis for the sequence-independent RNA speciﬁc recognition
of dengue virus NS3 helicase [18]. The distinct ssRNA and ssDNA
binding afﬁnities of DENV NS3H may account for the loading
strand preference for duplex unwinding.
The low unwinding activity and the apparent lack of substrate
speciﬁcity of DENV NS3H in vitro leads us to ask about the mech-
Fig. 2. Representative gels of unwinding assay with dsRNAs made of DENV RNA sequences. Assays were performed for 1 h. Reaction mixtures were treated with proteinase K
and analyzed on a 15% polyacrylamide–3 M urea gel. The 50-tailed SL5T/A duplex and the 30-tailed SL5T/B02 duplex contain a common 23-basepair duplex, and the 30-tailed
SL/B01 duplex contains 36 basepairs (Supplementary data SD1). ‘‘M” represents the heat-denatured dsRNA. The SL and A’RNAs migrated as multiple bands on the gel. Different
RNA species are indicated at right, and schematic diagram of each dsRNA (not to scale) is shown below the autoradiograph. The percentage of remaining duplex is indicated at
the bottom of the autoradiograph.
Fig. 3. (A) Representative gels of the unwinding of RNA and DNA hybrid duplexes by 100 nM NS3H protein. Reaction mixtures were treated with proteinase K and analyzed
on a 20% polyacrylamide–3 M urea gel. Substrate duplex R/R30 or R/D0 is shown at the left of the autoradiograph, RNA strand is in thin line and DNA strand is in thick line
(Supplementary data SD2 for sequences). The percentage of remaining duplex is indicated at the bottom of the autoradiograph. (B and C) The ssDNA and ssRNA binding
afﬁnity of NS3H protein. Each NS3H protein was allowed to bind to 50-end labeled, 41-nucleotide ssDNA and ssRNA (1 nM each), corresponding to the bottom strand of the R/
R30 duplex and R/D30 duplex, respectively, at 4 C for 30 min. The reaction mixture was passed through a double-layered ﬁlter, and the ssDNA or ssRNA bound on the
nitrocellulose ﬁlter was visualized by autoradiography (B). Binding curves of different nucleic acids to NS3H protein. Open symbols for ssRNA, ﬁlled symbols for ssDNA, circles
for DENV NS3H, triangles for DENV mNS3H, and squares for HCV NS3H (C).
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known that the multifunctional protein NS3 exists in a complex
with other viral proteins in infected cells, and that the activities
of NS3 are thought to be restricted to deﬁned cellular compart-
ments where viral replication takes place, i.e., the perinuclear
membrane region. Hence, an interaction with other viral proteins
or certain host factors may modulate NS3 ATPase/helicase activity
in vivo.
3.4. RNA 50-triphosphatase (RTPase) activity
DENV NS3 has been demonstrated to have RTPase activity
[4,5,7,8], however the published data concerning the substrate
speciﬁcity of the RTPase activity is limiting. Here we analyzed
the ability of DENV NS3H to hydrolyze the c-phosphate from a
50-triphosphorylated RNA derived from the 50- or the 30-untrans-
lated region of the DENV genome as the substrate, i.e., RNA1 and
SL RNA, respectively, (Fig. 4A). DENV NS3H promoted the c-phos-
phate removal from both substrates (Fig. 4B). Therefore, DENV
NS3H has RTPase activity in vitro and this activity is not restricted
to the 50-terminus of the DENV genome. DENV mNS3H showed no
RTPase activity (Fig. 4B, lane 7) indicating the ATPase and RTPase
activities of DENV NS3H share the same catalytic site. This result
is in agreement with the previous ﬁndings [7,8]. HCV NS3H also
lacked signiﬁcant activity (Fig. 4B), suggesting the DENV NS3H
RTPase activity may not be attributable to a contaminant derived
from the NS3H protein preparation.
We sought to determine the structural features of the RTPase
substrate that ensure the 50-triphosphate group is readily accessi-
ble to DENV NS3H. To this end, we performed RTPase assays to
compare the rate of c-phosphate removal of 50-triphosphorylated
RNAs of different secondary structures. RNA1 contained no dan-Fig. 4. DENV NS3H RTPase activity assay. (A) The substrate RNAs of the RTPase assay. RN
50-terminus. SL RNA was derived from the 30-UTR of DENV genome. RNA3 was an insertio
RNA3. RNA structures are predicted by the m-fold program [20]. (B) Assays with [c-32P]-G
(2 mM of each) is indicated above and below the autoradiograph. (C and D) Assays with d
c-phosphate) released was plotted against the reaction time. Data of 1 h reaction period w
10 min reaction period with RNA3 (ﬁlled circles), 1RNA3 (ﬁlled squares), 3RNA3 (ﬁlled tri
Effect of ionic strength on RTPase activity. Assays with SL RNA were performed in the pre
presented as mean ± S.D. of three independent reactions.gling 50-nucleotide and SL RNA was a 50-tailed RNA (Fig. 4A). The
removal of the c-phosphate from SL RNA occurred at a higher rate
than from RNA1 (Fig. 4C). RNA3 was an insertion mutant of RNA1
that had the stem region adjacent to the 50-triphosphate group ex-
tended by nine base pairs (Fig. 4A). Both RNA3 and RNA1 contained
a recessive 50-terminus, while the more stable stem region adja-
cent to the 50-terminus made the RNA3 a poorer RTPase substrate
(Fig. 4C). These results show that a 50-tailed RNA is a better RTPase
substrate than an RNA containing no 50-dangling nucleotide.
To further determine the minimum size of the 50-overhang
needed to facilitate c-phosphate removal, we synthesized ﬁve
RNAs that had 1–9 nucleotides inserted to the 50-terminus of
RNA3 to be the substrates (Fig. 4A). The addition of a single dan-
gling nucleotide to the 50-terminus of RNA3 signiﬁcantly elevated
the rate of c-phosphate removal, and the rate of c-phosphate re-
moval increased gradually as the 50-dangling region extended
and reached a maximum value at seven nucleotides (Fig. 4D).
Therefore, a protruded 50-terminus makes the 50-triphosphate
group more accessible to DENV NS3H.
3.5. RNA binding
As the RTPase activity of DENV NS3H is likely to involve the
interaction of the enzyme with the 50-triphosphate group as well
as other regions of the substrate RNA, we sought to investigate
the effect of increasing ionic strength, achieved by addition of NaCl
in the RTPase assay. The maximum RTPase activity was observed in
the presence of 10 mM NaCl, and activity decreased slightly at 15–
50 mM NaCl and dramatically decreased at 90–410 mM NaCl
(Fig. 4E). This ﬁnding is in accordance with the decrease of DENV
NS3 RTPase activity at elevated KCl concentrations [7]. Since the
ATPase and the RTPase activities of DENV NS3H shared the sameA1 was derived from the 50-UTR of DENV genome but had an extra G residue at the
n mutant of RNA1, and nRNA30s, had 1–9 nucleotides inserted to the 50-terminus of
TP-labeled RNA1 and SL RNA. Presence of NS3H protein and MgCl2, MnCl2, or EDTA
ifferent substrate RNAs in the presence of 2 mM MgCb. The concentration of Pi (the
ith RNA1 (ﬁlled squares), RNA3 (ﬁlled circles), and SL RNA (ﬁlled triangles) (C), and
angles), 5RNA3 (open circles), 7RNA3 (open squares), 9RNA3 (open triangles) (D). (E)
sence of increasing concentrations of NaCl but without divalent cation for 1 h. Data
696 C.-C. Wang et al. / FEBS Letters 583 (2009) 691–696catalytic center [7,8], and the basal ATPase activity was insensitive
to high ionic strength [our ﬁnding], hence, we speculated that an
increase in ionic strength loosens the enzyme–substrate RNA inter-
action rather than inactivating the enzyme catalytic center. Finally,
the binding assay demonstrated that the binding of DENV NS3H to
SL RNA (an RTPase substrate) and poly(rU) (an ATPase stimulator)
was sensitive to increased ionic strength (Supplementary Fig. S2).
The result suggests that the DENV NS3H-RNA interaction is elec-
trostatic in nature and may not be sequence speciﬁc.
All ﬂavivirus NS3 helicases have a similar three-lobed ﬂattened
structure: the NS3 helicase from viruses of the Flavivirus genus,
including DENV, YFV, and the WNV Kunjin virus, has an asymmet-
ric distribution of charge on protein surface, one face is rich in pos-
itively-charged residues which form several basic patches and the
other face is more negatively-charged; in contrast, the HCV NS3
helicase has a more even charge distribution on two faces [6,19].
The electrostatic nature of the functional binding of DENV NS3H
to RNA [7, and this study] lead to the speculation that in addition
to the conserved ssRNA recognition module of DExH/DEAD heli-
cases [18], certain basic residues on DENV NS3 protein surface
may participate in RNA binding. This notion is supported by the
ﬁndings that the substitution of the well-conserved 184RKRK resi-
dues located at the helicase domain I [4], to 184QNGN, and the sub-
stitution of the conserved 396Lys, located at the surface of the
helicase domain II, to 396Ala drastically attenuated all three enzy-
matic activities of DENV NS3 protein [5]. Moreover, the crystallo-
graphic structure of DENV NS3H-ssRNA complex discloses that
the structural rearrangement upon RNA binding may account for
activation of NTP hydrolysis and RNA unwinding by DENV NS3H
[18].
Acknowledgements
This work was supported by grants from Academia Sinica, Tai-
wan (No. AS-94-TP-Bll, 94-C007), National Science Council, Taiwan
(No. NSC 95-2311-B-001-063-MY2), and National Health Research
Institute, Taiwan (No. NHRI-EX97-9745SI). We thank Dr. L.H.
Hwang for the HCV NS3 helicase construct, Dr. C.C. King for
DENV-2 PL046 strain, and Dr. H. Wilson for English editing.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2009.01.008.
References
[1] Lindenbach, B.D., Thiel, H.J. and Rice, C.M. (2007) Flaviviridae: the viruses and
their replication, 5th ed (Knipe, D.M., Howley, P.M., Grifﬁn, D.E., Lamb, R.A.,
Martin, M.A., Roizman, B. and Straus, S.E., Eds.), Field’s Virology, vol. 1, pp.
1101–1152, Lippincott-Raven Publishers, Philadelphia, PA.[2] Chu, P.W. and Westaway, E.G. (1985) Replication strategy of Kunjin virus:
evidence for recycling role of replicative form RNA as template in semi
conservative and asymmetric replication. Virology 140, 68–79.
[3] Matusan, A.E., Pryor, M.J., Davidson, A.D. and Wright, P.J. (2001) Mutagenesis
of the dengue virus type 2 NS3 protein within and outside helicase motifs:
effects on enzyme activity and virus replication. J. Virol. 75, 9633–9643.
[4] Yon, C., Teramoto, T., Mueller, N., Phelan, J., Ganesh, V.K., Murthy, K.H.M. and
Padmanabhan, R. (2005) Modulation of the nucleoside triphosphatase/RNA
helicase and 50-RNA triphosphatase activities of dengue virus type 2 non-
structural protein 3 (NS3) by interaction with NS5, the RNA-dependent RNA
polymerase. J. Biol. Chem. 280, 27412–27419.
[5] Sampath, A., Xu, T., Chao, A., Luo, D., Lescar, J. and Vasudevan, S.G. (2006)
Structure-based mutational analysis of the NS3 helicase from dengue virus. J.
Virol. 80, 6686–6690.
[6] Xu, T., Sampath, A., Chao, A., Wen, D., Nanao, M., Chene, P., Vasudevan, S.G. and
Lescar, J. (2005) Structure of the dengue virus helicase/nucleoside
triphosphatasecatalytic domain at a resolution of 2.4 Å. J. Virol. 79, 10278–
10288.
[7] Bertelma, G. and Padmanabhan, R. (2002) Expression, puriﬁcation, and
characterization of the RNA 50-triphosphatase activity of dengue virus type 2
non-structural protein 3. Virology 299, 122–132.
[8] Benarroch, D., Selisko, B., Locatelli, G.A., Maga, G., Romette, J.-L. and Canard, B.
(2004) The RNA helicase, nucleotide 50-triphosphatase, and RNA 50-
triphosphatase activities of dengue virus protein NS3 are Mg2+-dependent
and require a functional Walker B motif in the helicase catalytic core. Virology
328, 208–218.
[9] Egloff, M.P., Benarroch, D., Selisko, B., Romette, J.L. and Canard, B. (2002) An
RNA cap (nucleoside-20-O-)-methyltransferase in the ﬂavivirus RNA
polymerase NS5: crystal structure and functional characterization. EMBO J.
21, 2757–2768.
[10] Kroschewski, H., Lim, S.P., Butcher, R.E., Yap, T.L., Lescar, J., Wright, P.J.,
Vasudevan, S.G. and Davison, A.D. (2008) Mutagenesis of the dengue virus
type 2 NS5 methyltransferase domain. J. Biol. Chem. 283, 19410–19421.
[11] Cui, T., Sugrue, R.J., Xu, Q., Lee, A.K., Chan, Y.C. and Fu, J. (1998) Recombinant
dengue virus type 1 NS3 protein exhibits speciﬁc viral RNA binding and
NTPase activity regulated by the NS5 protein. Virology 246, 409–417.
[12] Tai, C.L., Chi, W.K., Chen, D.S. and Hwang, L.H. (1996) The helicase activity
associated with hepatitis C virus non-structural protein 3 (NS3). J. Virol. 70,
8477–8484.
[13] Pang, P.S., Jankowsky, E., Planet, P.J. and Pyle, A.M. (2002) The hepatitis viral
NS3 protein is a processive DNA helicase with cofactor enhanced RNA
unwinding. EMBO J. 21, 1168–1176.
[14] Tanner, N.K. and Linder, P. (2001) DExD/H box RNA helicases. From generic
motors to speciﬁc dissociation functions. Mol. Cell 8, 251–261.
[15] Suzich, J.A., Tamura, J.K., Palmer-Hill, F., Warrener, P., Grakoui, A., Rice, C.M.,
Feinstone, S.M. and Collett, M.S. (1993) Hepatitis C virus NS3 protein
polynucleotide-stimulated nucleoside triphosphatase and comparison with
the related pestivirus and ﬂavivirus enzymes. J. Virol. 67, 6152–6158.
[16] Li, H., Clum, S., You, S., Ebner, K.E. and Padmanabhan, R. (1999) The serine
protease and RNA-stimulated nucleoside triphosphatase and RNA helicase
functional domain of dengue virus type 2 NS3 converge within a region of 20
amino acids. J. Virol. 73, 3108–3116.
[17] Yang, Q. and Jankowsky, E. (2005) ATP- and ADP-dependent modulation of
RNA unwinding and strand annealing activities by the DEAD-box protein
DED1. Biochemistry 44, 13591–13601.
[18] Luo, D., Xu, T., Watson, R.P., Scherer-Becker, D., Sampath, A., Jahnke, W., Yeong,
S.S., Wang, C.H., Lim, S.P., Strongin, A., Vasudevan, S.G. and Lescar, J. (2008)
Insights into RNA unwinding and ATP hydrolysis by the ﬂavivirus NS3 protein.
The EMBO J. 27, 3209–3219.
[19] Kim, J.L., Morgenstern, K.A., Grifﬁth, J.P., Dwyer, M.D., Thomson, J.A., Murcko,
M.A., Lin, C. and Caron, P.R. (1998) Hepatitis C virus NS3 RNA helicase domain
with a bound oligonucleotide: the crystal structure provides insights into the
mode of unwinding. Structure 6, 89–100.
[20] Zuker, M. (2003) M-fold web server for nucleic acid folding and hybridization
prediction. Nucl. Acid Res. 31, 3406–3415.
